OHMIC CONTACT PLUG HAVING AN IMPROVED CRACK FREE 
TiN BARRIER METAL IN A CONTACT HOLE 
AND METHOD OF FORMING THE SAME 



BACKGROUND OF THE INVENTION 

The present invention relates to a semiconductor device and a 
method of forming the same, and more particularly to an improved contact 
plug having an ohmic contact with a silicon substrate and a method of 
forming the same. 

As the advanced large scale integrated circuits have been 
developed to further increase the density of integratio, the requirement for 
size down of a contact plug has been on the increase, wherein the contact 
plug is provided in a contact hole formed in an inter-layer insulator over a 
silicon substrate so that an interconnection extending over the inter-layer 
insulator is electrically connected through the contact plug in the contact 
hole to a semiconductor device formed in an upper region of the silicon 
substrate. A thickness of the inter-layer insulator is not reduced despite 
scaling down of the semiconductor device and despite the increase in 
density of the integratio of the large scale integrated circuits. This means 
that the depth of the contact hole or the height of the contact plug is also 
not reduced. Notwithstanding, a diameter or a horizontal size of the 
contact hole or the contact plug is reduced upon scaling down of the 
semiconductor device and also upon the increase in density of the integratio 
of the large scale integrated circuits. An aspect ratio of the contact hole is 
defined to be a ratio of a depth of the contact hole to a diameter of the 
contact hole, wherein the depth of the contact hole corresponds to a 
thickness of the inter-layer insulator in which the contact hole is formed. 
The recent further increased requirement for scaling down of the 
semiconductor device and increase in the density of integratio of the large 
scale integrated circuit results in an increase in the aspect ratio of the 
contact hole. This increase in the aspect ratio of the contact hole makes it 
difficult to reduce a resistance of the contact plug in the contact hole. In 
general, in order to obtain a possible ohmic contact of the contact plug with 
a silicon substrate of both type, namely n-type and p-type, a thin titanium 
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film is deposited on a bottom and a side wall of the contact hole prior to a 
further deposition of a thin titanium nitride film as a barrier metal on the 
thin titanium fdm to form laminations of the titanium film and the titanium 
nitride film, before a tungsten film is deposited by a chemical vapor 
deposition on the titanium nitride film as the barrier metal so as to deposit 
the tungsten film within the contact hole, whereby a contact plug is then 
formed in the contact plug, wherein the contact plug comprises the tungsten 
film and the laminations of the titanium nitride film and the titanium film. 
The tungsten film deposited by the chemical vapor deposition has a good 
contact coverage. It is required that each of the titanium film and the 
titanium nitride film has a thickness of not less than 10 nanometers on the 
bottom of the contact hole. If the thickness of the titanium film on the 
bottom of the contact hole is less than 10 nanometers, then a contact 
resistance of the plug with the silicon substrate is high. If the thickness of 
the titanium nitride film on the bottom of the contact hole is less than 10 
nanometer, this extremely thin titanium nitride film is incapable of 
exhibiting a barrier property to tungsten hexa-fluoride as a source gas for 
carrying out the chemical vapor deposition to deposit the tungsten film, 
thereby allowing tungsten hexa-fluoride to be reacted with titanium nitride 
of the titanium nitride film and titanium of the titanium film, resulting in an 
increase in the contact resistance of the contact plug and a possible 
breaking of the p-n junction. 

In the advanced semiconductor devices such as 64 Mb-DRAM, 
the aspect ratio of the contact hole exceeds 4. In this case, it is difficult to 
apply or use the normal sputtering method to deposit the titanium film or 
the titanium nitride film, both of which have a thickness of not less than 1 0 
nanometers. In order to obtain a good contact coverage, it is required that 
sputtered particles fall in a direction just or almost vertical to a surface of 
the substrate or in a parallel direction to the vertical side wall of the contact 
hole. In order to respond to this requirements, a coUimated sputtering 
method and a long distance sputtering method are available. 

The collimated sputtering method is carried out by using a 
collimator plate between a target to be sputtered and a substrate on which 
sputtered particles are deposited, wherein the collimator plate has many 
openings through which sputtered particles pass. Only when the sputtered 
particles fall in the direction just or almost vertical to the surface of the 
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substrate, then the sputtered particles are allowed to pass through the 
collimator plate. Otherwise, the sputtered particles are captured by the 
collimator plate. For those reasons, only the sputtered particles, which fall 
in the direction just or almost vertical to the surface of the substrate, will be 
deposited on the surface of the substrate or on the bottom of the contact 
hole having the high aspect ratio. This technique is, for example, disclosed 
in Japanese laid-open patent publication No. 5-299375. 

The long distance sputtering method is carried out by setting 
such a large distance between a target and a substrate that only sputtered 
particles, which fall in the direction just or almost vertical to the surface of 
the substrate, can reach on the surface of the substrate, whilst other 
sputtered particles having a lateral velocity component will be captured by 
shielding plates. 

It was also known in the art to which the present invention 
pertains that after the titanium film and the titanium nitride film have been 
deposited, then a heat treatment is carried out in a nitrogen atmosphere to 
cause a sihcidation reaction of titanium with silicon on an interface 
between the titanium film and the silicon substrate, so that a titanium 
silicide film is formed on the interface of the silicon substrate with the 
titanium film, whereby a contact resistance between the plug and the 
silicon substrate is reduced. This heat treatment can concurrently cause a 
nitratio reaction of unreacted titanium with nitrogen in the titanium nitride 
film, thereby increasing the barrier capability of the titanium nitride film as 
a barrier metal. This heat treatment may be carried out by using a fiimace 
as disclosed in the above mentioned Japanese laid-open patent publication 
No. 5-299275 or by use of a lamp anneal system for rapid anneal in a short 
time and this lamp anneal system is suitable for a large size substrate. 

The following descriptions will be directed to a conventional 
method of forming the contact plug in the contact hole of the high aspect 
ratio, wherein the collimated sputtering method is utilized. 

Semiconductor devices are formed in a silicon substrate. A 
boro-phospho-silicate glass film as an inter-layer insulator is deposited by a 
chemical vapor deposition method on a surface of the silicon substrate. A 
contact hole is formed in the inter-layer insulator by use of a 
photo-lithography and a subsequent dry etching process so that the contact 
hole reaches a surface of the silicon substrate, whereby a part of the surface 
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of the silicon substrate is exposed through the contact hole. The contact 
hole has a diameter of not larger than 0.35 micrometers. 

The collimator sputtering method is carried out to deposit a 
titanium film on the top surface of the inter-layer insulator and on vertical 
side walls and a bottom of the contact hole, wherein the titanium film has a 
thickness in the range of 50-100 nanometers. Subsequently, a titanium 
nitride film is then deposited by the collimator sputtering method on the 
titanium film, wherein the titanium nitride film has a thickness in the range 
of 80-150 nanometers. This collimator sputtering method is carried out by 
use of a collimator plate which has an aspect ratio of 1.5, wherein the 
aspect ratio is defined to a ratio of a thickness of the collimator plate to a 
diameter of openings. The first collimator sputtering process for depositing 
the above titanium film is carried out by sputtering a titanium target with 
argon gas under a pressure in the range of 0.5-3.0 mTorr at a substrate 
temperature in the range of about 1 50-400 °C. The second collimator 
sputtering process for depositing the above titanium nitride film is carried 
out by sputtering a titanium nitride target with a nitrogen-argon mixture gas 
or a nitrogen gas under a pressure in the range of 1.5-5.0 mTorr at a 
substrate temperature in the range of about 150-400°C. 

Subsequently, a lamp anneal is carried out in a nitrogen 
atmosphere at a temperature in the range of 650-720°C for 10-60 seconds, 
whereby a titanium silicidation reaction of titanium in the titanium film 
with silicon in the silicon substrate is cased to form a titanium silicide film 
on an interface between the titanium film and the silicon substrate, thereby 
reducing a contact resistance of the titanium film with the silicon substrate. 
This lamp anneal further causes a nitratio reaction of unreacted titanium 
with nitrogen in the titanium nitride film thereby increasing a barrier 
property of the titanium nitride film. 

A low pressure chemical vapor deposition method is carried out 
by reducing tungsten hexafluoride with hydrogen to deposit a tungsten film 
on the titanium nitride film so that the tungsten film has a thickness in the 
range of 400-600 nanometers. The surface of the CVD-deposited tungsten 
film is then subjected to an etch-back process with use of sulfur 
hexafluoride to etch the CVD-deposited tungsten film except within the 
contact hole, whereby a tungsten contact plug is formed in the contact hole. 

An aluminum alloy film is deposited by a sputtering method on 
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the titanium nitride film and over the inter-layer insulator and on the top of 
the contact plug in the contact hole. Further, a titanium nitride film is 
deposited by a subsequent sputtering method on the aluminum alloy film to 
form laminations of the aluminum alloy film and the titanium nitride film. 
The laminations of the aluminum alloy film and the titanium nitride film 
are then pattemed by a photo-lithography and a subsequent dry etching 
process thereby to form an interconnection over the inter-layer insulator, 
wherein the interconnection is in contact with the top of the contact plug in 
the contact hole so that the interconnection is electrically connected 
through the contact plug in the contact hole to the semiconductor device in 
the surface of the silicon substrate. 

The titanium nitride film as the barrier metal deposited by the 
collimated sputtering method has a large compressive stress of, for example, 
not less than 1 x lOlOdyne/cm^ as compared to the titanium nitride film 
deposited by the normal sputtering method. This has already reported in 
1992, VLSI Multilevel Interconnection Conference, pp. 310-313 
"Characterization Of Improved TiN films By Controlled Divergence 
Sputtering". 

If the barrier metal film has a large compressive stress, then a p-n 
junction property or characterization is deteriorated by a heat treatment, for 
which reason it is preferable that the compressive stress of the barrier metal 
film is suppressed at not higher than 1 x 109dyne/cm2. This is, for example, 
disclosed in Japanese laid-open patent pubHcation No. 63-11 1665. 

The large compressive stress of the barrier metal may cause other 
problems with appearance of peeling or cracking the titanium nitride film 
during the later heat treatment. This is, for example, disclosed in Japanese 
laid-open patent publication No. 2-133964. Particularly when the rapid heat 
treatment is carried out, then the cracking is likely to appear. The reason 
why the cracking appears in the titanium nitride film as the barrier metal 
film is that carrying out a heat treatment to the titanium nitride film as the 
barrier metal film having such the large compressive stress causes an 
increase in density of the titanium nitride film to change the large 
compressive stress into a large tensile stress which may be capable of 
cracking the titanium nitride film. Particularly rapid thermal anneal such as 
the lamp anneal to the titanium nitride film as the barrier metal film having 
such the large compressive stress causes a rapid increase in density of the 
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titanium nitride film to rapidly change the large compressive stress into a 
large tensile stress, whereby a rapid plastic deformation appears to crack 
the titanium nitride film. 

FIG. 1 is a fragmentary and enlarged cross sectional elevation 
view illustrative of a bottom portion of a contact hole in an inter-layer 
insulator and over a titanium nitride film in an upper region of a silicon 
substrate after a heat treatment has been carried out to cause a silicidation 
reaction for forming the titanium silicide film. A boro-phospho-silicate 
glass film 2 as an inter-layer insulator is formed on a silicon substrate 1 . A 
contact hole having a high aspect ratio is formed in the inter-layer insulator 
2 by use of a photo-lithography and a subsequent dry etching process so 
that the contact hole reaches onto a surface of the silicon substrate. A 
titanium film 3 is deposited on the bottom and the side walls of the contact 
hole and on a surface of the inter-layer insulator by a sputtering method, for 
example, a collimator sputtering method for obtaining a good step overage 
of the titanium film 3. Subsequently, a titanium nitride film 4 is then 
deposited on the titanium film 3 by a further sputtering method , for 
example, a collimator sputtering method for obtaining a good step overage 
of the titanium film 3 . In order to reduce a contact resistance of the titanium 
film 3 with the silicon substrate 1, a heat treatment, for example, a rapid 
thermal anneal such as a lamp anneal is carried out in an inert gas 
atmosphere such as a nitrogen gas atmosphere so as to cause a silicidation 
reaction of titanium with silicon on an interface between the titanium film 3 
and the silicon substrate 1, so that a titanium silicide film 5 is formed on 
the interface of the silicon substrate 1 with the titanium film 3, whereby a 
contact resistance between the titanium film 3 and the silicon substrate 1 is 
reduced. Concurrently, a nitratio reaction of unreacted titanium with 
nitrogen in the titanium nitride film 4 is caused, thereby increasing the 
barrier capability of the titanium nitride film 4 as a barrier metal. The heat 
treatment to the titanium nitride film 4 as the barrier metal film causes an 
increase in density of the titanium nitride film 4, thereby to change the 
compressive stress of the titanium nitride film 4 into a tensile stress which 
forms a crack at a comer of the titanium nitride film 4. The crack is likely 
to appear at the comers of the titanium nitride film 4. Once the cracking 
appears in the titanium nitride film 4, then tungsten hexafluoride gas used 
for a subsequent chemical vapor deposition to deposit a tungsten film to 
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bury the contact hole with the tungsten film enters into the crack in the 
titanium nitride film 4 so that tungsten hexafluoride may be reacted with 
titanium in the titanium film 3 or silicon in the silicon substrate 1 , whereby 
a contact resistance at the bottom of the contact hole is increased and also a 
p-n junction may be broken. 

As described above, a likelihood of appearance of the crack in 
the titanium nitride film 4 largely depends upon a magnitude of a 
compressive stress of the titanium nitride film 4 before the heat treatment. 
In Japanese laid-open patent publication No. 2-133964, it is disclosed to 
add carbon into the titanium nitride film in order to reduce the compressive 
stress of the titanium nitride film. It is, actually, however, difficult to 
practice this method because of both a difficulty in controllability of 
addition of carbon into the titanium nitride film and also etching 
remainders are likely to appear. 

The above problems with the titanium nitride film are also raised 
not only when the collimator sputtering method is applied to deposit the 
titanium nitride film but also when the other sputtering methods including 
the long distance sputtering method and the normal sputtering method are 
applied to the deposition of the titanium nitride film. Namely, the 
compressive stress of the titanium nitride film is changed by the heat 
treatment into the tensile stress which causes a crack in the titanium nitride 
film. Particularly, when the temperature rising rate of the heat treatment is 
not less than lOO^'C/min, then the crack is likely to appear in the titanium 
nitride film. The titanium nitride film deposited by the long distance 
sputtering method has a large compressive stress of, for example, not less 
than 1 X 1010dyne/cm2 as compared to the titanium nitride film deposited 
by the normal sputtering method. This large compressive stress of the 
titanium nitride film is changed by the heat treatment into a large tensile 
stress which has a larger capability of causing a crack in the titanium 
nitride film. 

In the above circumstances, it had been required to develop a 
novel sputtering method of depositing laminations of a titanium film and a 
titanium nitride film on a bottom of a contact hole having a high aspect 
ratio so that the titanium nitride film has a reduced compressive stress for 
allowing the deposited titanium nitride film to be free from any cracking 
during a subsequent rapid heat treatment to form a titanium silicide film on 
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an interface between the titanium nitride film and the silicon substrate 
surface, thereby decreasing a contact resistance at a bottom of the contact 
hole. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to provide a 
novel sputtering method free from the above problems. 

It is a further object of the present invention to provide a novel 
sputtering method of depositing laminations of a titanium film and a 
titanium nitride film on a bottom of a contact hole so that the titanium 
nitride film has a reduced compressive stress for allowing the deposited 
titanium nitride film to be free from any cracking during a subsequent heat 
treatment to form a titanium silicide film on an interface between the 
titanium nitride film and the silicon substrate surface, thereby decreasing a 
contact resistance at a bottom of the contact hole. 

It is a still further object of the present invention to provide a 
novel collimator sputtering method of depositing laminations of a titanium 
film and a titanium nitride film with a good contact coverage on a bottom 
of a contact hole having a high aspect ratio so that the titanium nitride film 
has a reduced compressive stress for allowing the deposited titanium nitride 
film to be free from any cracking during a subsequent rapid thermal anneal 
such as a lamp anneal to form a titanium silicide film on an interface 
between the titanium nitride film and the silicon substrate surface, thereby 
decreasing a contact resistance at a bottom of the high aspect ratio contact 
hole. 

It is yet a further object of the present invention to provide a 
novel long distance sputtering method of depositing laminations of a 
titanium film and a titanium nitride film with a good contact coverage on a 
bottom of a contact hole having a high aspect ratio so that the titanium 
nitride film has a reduced compressive stress for allowing the deposited 
titanium nitride film to be free from any cracking during a subsequent rapid 
thermal anneal such as a lamp anneal to form a titanium silicide film on an 
interface between the titanium nitride film and the silicon substrate surface, 
thereby decreasing a contact resistance at a bottom of the high aspect ratio 
contact hole. 
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It is a further more object of the present invention to provide a 
novel method of forming a contact plug in a contact hole free from the 
above problems. 

It is still fiirther object of the present invention to provide a novel 
method of forming a contact plug in a contact hole by a novel sputtering 
method of depositing laminations of a titanium film and a titanium nitride 
film on a bottom of a contact hole so that the titanium nitride film has a 
reduced compressive stress for allowing the deposited titanium nitride film 
to be free from any cracking during a subsequent heat treatment to form a 
titanium silicide film on an interface between the titanium nitride film and 
the silicon substrate surface, thereby decreasing a contact resistance at a 
bottom of the contact hole. 

It is moreover object of the present invention to provide a novel 
method of forming a contact plug in a contact hole by a novel collimator 
sputtering method of depositing laminations of a titanium film and a 
titanium nitride film with a good contact coverage on a bottom of a contact 
hole having a high aspect ratio so that the titanium nitride film has a 
reduced compressive stress for allowing the deposited titanium nitride film 
to be free from any cracking during a subsequent rapid thermal anneal such 
as a lamp anneal to form a titanium silicide film on an interface between 
the titanium nitride film and the silicon substrate surface, thereby 
decreasing a contact resistance at a bottom of the high aspect ratio contact 
hole. 

It is another object of the present invention to provide a novel 
method of forming a contact plug in a contact hole by a novel long distance 
sputtering method of depositing laminations of a titanium film and a 
titanium nitride film with a good contact coverage on a bottom of a contact 
hole having a high aspect ratio so that the titanium nitride film has a 
reduced compressive stress for allowing the deposited titanium nitride film 
to be free from any cracking during a subsequent rapid thermal anneal such 
as a lamp anneal to form a titanium silicide film on an interface between 
the titanium nitride film and the silicon substrate surface, thereby 
decreasing a contact resistance at a bottom of the high aspect ratio contact 
hole. 

It is still another object of the present invention to provide a 
novel titanium nitride film deposited by a novel sputtering method on a 
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titanium film so that the titanium nitride film has a reduced compressive 
stress free from the above problems. 

It is yet another object of the present invention to provide a novel 
titanium nitride film deposited by a novel sputtering method on a titanium 
film on a silicon substrate so that the titanium nitride film has a reduced 
compressive stress for allowing the deposited titanium nitride film to be 
free from any cracking during a subsequent heat treatment to form a 
titanium silicide film on an interface between the titanium nitride film and 
the silicon substrate surface, thereby decreasing a contact resistance at a 
bottom of the contact hole. 

It is further another object of the present invention to provide a 
novel titanium nitride film deposited by a novel collimator sputtering 
method on a titanium film on a silicon substrate so that the titanium nitride 
film has a reduced compressive stress for allowing the deposited titanium 
nitride film to be free from any cracking during a subsequent rapid thermal 
anneal such as a lamp anneal to form a titanium silicide film on an interface 
between the titanium nitride film and the silicon substrate surface, thereby 
decreasing a contact resistance at a bottom of the high aspect ratio contact 
hole. 

It is an additional object of the present invention to provide a 
novel titanium nitride film deposited by a novel long distance sputtering 
method on a titanium film on a silicon substrate so that the titanium nitride 
film has a reduced compressive stress for allowing the deposited titanium 
nitride film to be free from any cracking during a subsequent rapid thermal 
anneal such as a lamp anneal to form a titanium silicide film on an interface 
between the titanium nitride film and the silicon substrate surface, thereby 
decreasing a contact resistance at a bottom of the high aspect ratio contact 
hole. 

In a first aspect, the invention provides a multilayer structure on 
a bottom of a contact hole, the multilayer structure comprising a titanium 
film on a silicon region and a titanium nitride film on the titanium film, 
wherein the titanium nitride film has a compressive stress of not higher 
than 5 X 109 dyne/cm2 so that the titanium film has such a high stability as 
preventing any crack upon changing the compressive stress to a tensile 
stress by a heat treatment. 

In a second aspect, the invention provides a contact plug 
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structure in a contact hole in an inter-layer insulator on a silicon substrate. 
The contact plug structure comprises : a titanium film on a bottom and a 
side wall of the contact hole ;a titanium nitride film on the titanium film ; a 
metal plug on the titanium nitride film so that the metal plug buries the 
contact hole ; and a titanium silicide layer in a surface region of the silicon 
substrate and in contact with a bottom of the contact hole, wherein the 
titanium nitride film free of any crack and has a tensile stress of not higher 
than3xl09dyne/cm2. 

In a third aspect, the invention provides a sputtering method of 
depositing a titanium nitride film on a titanium film in contact with a 
silicon at a bottom of a contact hole, wherein the sputtering method is 
carried out at a temperature of the silicon region of not less than 450''C, so 
that the titanium nitride film has a compressive stress of not higher than 5 x 
109 dyne/cm2 whereby the titanium film has such a high stability as 
preventing any crack upon changing the compressive stress to a tensile 
stress by a heat treatment. 

In a fourth aspect, the invention provides a method of forming a 
multilayer structure on a bottom of a contact hole. The method comprises 
the steps of : carrying out a first sputtering method to deposit a titanium 
film on the bottom of the contact hole so that the titanium film is in contact 
with a silicon region ; carrying out a sputtering method to deposit a 
titanium nitride film on the titanium film ; carrying out a heat treatment for 
causing a silicidation reaction of titanium with silicon to form a titanium 
silicide film on an interface between the titanium film and the silicon 
region, wherein the sputtering method is carried out at a temperature of the 
silicon region of not less than 450'C, so that the titanium nitride film has a 
compressive stress of not higher than 5 x 109 dyne/cm2, so that the titanium 
nitride film is free of any crack upon changing the compressive stress to a 
tensile stress by the heat treatment. 

In a fifth aspect, the invention provides a method of forming a 
contact plug in a contact hole formed in an inter-layer insulator on a silicon 
substrate. The method comprises the steps of : carrying out a first 
sputtering method to deposit a titanium film on the bottom of the contact 
hole so that the titanium film is in contact with a silicon region ; carrying 
out a sputtering method to deposit a titanium nitride film on the titanium 
film ; carrying out a heat treatment for causing a silicidation reaction of 
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titanium with silicon to form a titanium silicide film on an interface 
between the titanium film and the silicon region ; and forming a metal plug 
on the titanium nitride film to bury the contact hole with the metal plug, 
thereby forming the contact plug in the contact hole, wherein the sputtering 
method is carried out at a temperature of the silicon region of not less than 
450°C, so that the titanium nitride film has a compressive stress of not 
higher than 5 x 109 dyne/cm2, so that the titanium nitride film is free of any 
crack upon changing the compressive stress to a tensile stress by the heat 
treatment. 

The above and other objects, features and advantages of the 
present invention will be apparent from the following descriptions. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments according to the present invention will be 
described in detail with reference to the accompanying drawings. 

FIG. 1 is a fragmentary and enlarged cross sectional elevation 
view illustrative of a bottom portion of a contact hole in an inter-layer 
insulator and over a titanium nitride film in an upper region of a silicon 
substrate after a heat treatment has been carried out to cause a silicidation 
reaction for forming the titanium silicide film. 

FIGS. 2 A through 2D are fi-agmentary cross sectional elevation 
views illustrative of a novel method of forming an improved contact plug 
in a contact hole in an inter-layer insulator on a silicon substrate, wherein a 
bottom of the contact hole is in contact with a titanium silicide layer in a 
first embodiment in accordance with the present invention. 

FIG.3 is a diagram illustrative of variations in compressive and 
tensile stresses of a titanium nitride film deposited by a collimator 
sputtering method over substrate temperature of the collimator sputtering 
method, wherein O represent compressive stress whilst • represents 
tensile stress in a first embodiment in accordance with the present 
invention. 

FIG. 4 is a diagram illustrative of variation in a ratio in X-ray 
diffraction spectrum intensity of (200)-face to (lll)-face of a titanium 
nitride film deposited by a collimator sputtering method over substrate 
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temperature of the collimator sputtering method, wherein the titanium 
nitride film is deposited on a silicon dioxide film so that the titanium nitride 
film has a thickness of 100 nanometers in a first embodiment in accordance 
with the present invention. 

FIG. 5 is a diagram illustrative of variation in a ratio in X-ray 
diffraction spectrum intensity of (200)-face to (lll)-face of a titanium 
nitride film deposited by a collimator sputtering method over pressure of 
the collimator sputtering method, wherein the titanium nitride film is 
deposited on a silicon dioxide film so that the titanium nitride film has a 
thickness of 100 nanometers in a first embodiment in accordance with the 
present invention. 

FIGS. 6 A through 6D are fragmentary cross sectional elevation 
views illustrative of a novel method of forming an improved contact plug 
in a contact hole in an inter-layer insulator on a silicon substrate, wherein a 
bottom of the contact hole is in contact with a titanium silicide layer in a 
second embodiment in accordance with the present invention. 

DISCLOSURE OF THE INVENTION 

The invention provides a multilayer structure on a bottom of a 
contact hole, the multilayer structure comprising a titanium film on a 
silicon region and a titanium nitride film on the titanium film, wherein the 
titanium nitride film has a compressive stress of not higher than 5x 109 
dyne/cm2 so that the titanium film has such a high stability as to prevent 
any crack upon changing the compressive stress to a tensile stress by a heat 
treatment. 

It is preferable that the compressive stress of the titanium nitride 
film is not higher than 3 x 10^ dyne/cm2. 

It is also preferable that the titanium nitride film is mainly 
oriented in a (200)-face. 

It is also preferable that the contact hole has an aspect ratio of not 
less than 4. It is fiirther preferable that the contact hole has an aspect ratio 
of not less than 5. 

In order to avoid any formation of the cracks such as micro 
cracks in the titanium nitride film during the heat treatment such as the 
lamp anneal, it is necessary that the titanium nitride film is deposited by the 



Page 13 



sputtering method at the substrate temperature of not less than 450°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 5 x 109 dyne/cm2, whereby the low compressive stress 
of not more than about 5 x 109 dyne/cm^ is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 3 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

It is particularly preferable that the titanium nitride film is 
deposited by the sputtering method at the substrate temperature of not less 
than 500 °C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 1 x 109 dyne/cm2, whereby the 
low compressive stress of not more than about 1 x 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 7x 108 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. 

In order to obtain the titanium nitride film mainly oriented in 
(200)-face which improves the barrier property of the titanium nitride film, 
it is required that the substrate temperature is not less than 450°C under the 
low pressure of, for example, SmTorr if the collimator sputtering method is 
carried out. In order to obtain the titanium nitride film mostly oriented in 
(200)-face, it is required that the substrate temperature is not less than 
SOO'^C under the low pressure of, for example, SmTorr if the collimator 
sputtering method is carried out. 

In order to obtain the titanium nitride film mainly oriented in 
(200)- face, it is required that the pressure of the collimator sputtering is not 
more than 3mTorr if the collimator sputtering method is carried out. 

If, in accordance with the present invention, the sputtering 
method is carried out under a low pressure at the high substrate temperature 
of not less than 450''C, for example, 500°C, it is possible to reduce the 
compressive stress to not higher than 5x109 dyne/cm2 of the titanium 
nitride film deposited by the sputtering method, whereby no micro crack is 
formed in the titanium nitride film upon the heat treatment such as the lamp 
anneal. Further, the titanium nitride film is mainly oriented in (200)-face, 
whereby barrier property of the titanium nitride film is improved to cause 
tungsten hexa-fluoride used for deposition of the tungsten film to be 
unreacted with titanium nitride of the titanium nitride film and titanium of 
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the titanium film, resulting in no increase in the contact resistance of the 
contact plug and no possible breaking of the p-n junction. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm^ of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the sputtering method for 
deposition of the titanium nitride film is carried out at the substrate 
temperature of not higher than 450 °C under a low pressure. If the 
collimator sputtering method is carried out, then the pressure is not higher 
than 3mTorr. 

If the long distance sputtering method is carried out to deposit the 
titanium film, then in order to avoid any formation of the cracks such as 
micro cracks in the titanium nitride film during the heat treatment such as 
the lamp anneal, it is necessary that the titanium nitride film is deposited by 
the long distance sputtering method at the substrate temperature of not less 
than 450 °C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 5 x 109 dyne/cm^, whereby the 
low compressive stress of not more than about 5 x 109 dyne/cm^ is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 3 x 109 dyne/cm^, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. It is particularly 
preferable that the titanium nitride film is deposited by the long distance 
sputtering method at the substrate temperature of not less than 500°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 3 x 109 dyne/cm2, whereby the low compressive stress 
of not more than about 3 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 2 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the long distance sputtering 
method for deposition of the titanium nitride film is carried out at the 
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substrate temperature of not higher than 450''C under a pressure of not 
higher than ImTorr. 

The second aspect of the present invention provides a contact 
plug structure in a contact hole in an inter-layer insulator on a silicon 
substrate. The contact plug structure comprises : a titanium film on a 
bottom and a side wall of the contact hole ;a titanium nitride film on the 
titanium film ; a metal plug on the titanium nitride film so that the metal 
plug buries the contact hole ; and a titanium silicide layer in a surface 
region of the silicon substrate and in contact with a bottom of the contact 
hole, wherein the titanium nitride film free of any crack and has a tensile 
stress of not higher than 3 x 109 dyne/cm2. 

It is preferable that the tensile stress of the titanium nitride film is 
not higher than 2 x 1 09 dyne/cm2. 

It is also preferable that the titanium nitride film is mainly 
oriented in a (200)-face. 

It is also preferable that the contact hole has an aspect ratio of not 
less than 4. It is further preferable that the contact hole has an aspect ratio 
of not less than 5. 

In order to avoid any formation of the cracks such as micro 
cracks in the titanium nitride film during the heat treatment such as the 
lamp anneal, it is necessary that the titanium nitride film is deposited by the 
sputtering method at the substrate temperature of not less than 450°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 5 x 109 dyne/cm^, whereby the low compressive stress 
of not more than about 5 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 3 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

It is particularly preferable that the titanium nitride film is 
deposited by the sputtering method at the substrate temperature of not less 
than 500 °C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 1 x 109 dyne/cm2, whereby the 
low compressive stress of not more than about 1 x 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 7x 10^ dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. 
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In order to obtain the titanium nitride film mainly oriented in 
(200)-face which improves the barrier property of the titanium nitride film, 
it is required that the substrate temperature is not less than 45 OT: under the 
low pressure of, for example, 3mTorr if the collimator sputtering method is 
carried out. In order to obtain the titanium nitride fdm mostly oriented in 
(200)-face, it is required that the substrate temperature is not less than 
SOO'^C under the low pressure of, for example, 3mTorr if the collimator 
sputtering method is carried out. 

In order to obtain the titanium nitride film mainly oriented in 
(200)-face, it is required that the pressure of the collimator sputtering is not 
more than 3mTorr if the collimator sputtering method is carried out. 

If, in accordance with the present invention, the sputtering 
method is carried out under a low pressure at the high substrate temperature 
of not less than 450'C, for example, 500°C, it is possible to reduce the 
compressive stress to not higher than 5x109 dyne/cm^ of the titanium 
nitride film deposited by the sputtering method, whereby no micro crack is 
formed in the titanium nitride film upon the heat treatment such as the lamp 
anneal. Further, the titanium nitride film is mainly oriented in (200)-face, 
whereby barrier property of the titanium nitride film is improved to cause 
tungsten hexa-fluoride used for deposition of the tungsten film to be 
unreacted with titanium nitride of the titanium nitride film and titanium of 
the titanium film, resulting in no increase in the contact resistance of the 
contact plug and no possible breaking of the p-n junction. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the sputtering method for 
deposition of the titanium nitride film is carried out at the substrate 
temperature of not higher than 450 °C under a low pressure. If the 
collimator sputtering method is carried out, then the pressure is not higher 
than SmTorr. 

If the long distance sputtering method is carried out to deposit the 
titanium film, then in order to avoid any formation of the cracks such as 
micro cracks in the titanium nitride film during the heat treatment such as 
the lamp anneal, it is necessary that the titanium nitride film is deposited by 
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the long distance sputtering method at the substrate temperature of not less 
than 450 °C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 5x 109 dyne/cm2, whereby the 
low compressive stress of not more than about 5 x 10^ dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 3 x 109 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. It is particularly 
preferable that the titanium nitride film is deposited by the long distance 
sputtering method at the substrate temperature of not less than SOO^'C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 3 x 109 dyne/cm^, whereby the low compressive stress 
of not more than about 3 x 109 dyne/cm^ is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 2 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the long distance sputtering 
method for deposition of the titanium nitride film is carried out at the 
substrate temperature of not higher than 450°C under a pressure of not 
higher than ImTorr. 

The third aspect of the present invention provides a sputtering 
method of depositing a titanium nitride film on a titanium film in contact 
with a silicon at a bottom of a contact hole, wherein the sputtering method 
is carried out at a temperature of the silicon region of not less than 450°C, 
so that the titanium nitride film has a compressive stress of not higher than 
5x109 dyne/cm2 whereby the titanium film has such a high stability as 
preventing any crack upon changing the compressive stress to a tensile 
stress by a heat treatment. 

It is preferable that the temperature of the silicon region is not 
less than 500 °C, so that the titanium nitride film has such a low 
compressive stress of not higher than 3 x 109 dyne/cm2. 

It is also preferable that the sputtering method is carried out 
under a pressure of not more than 3 mTorr, so that the titanium nitride film 
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is mainly oriented in a (200)-face. It is further preferable that the sputtering 
method is carried out under a pressure of not more than 1 mTorr. 

It is also preferable that the sputtering method is a collimator 
sputtering method. It is further preferable that the contact hole has an 
aspect ratio of not less than 4. It is furthermore preferable that the contact 
hole has an aspect ratio of not less than 5. 

It is also preferable that the sputtering method is a long distance 
sputtering method. It is further preferable that the contact hole has an 
aspect ratio of not less than 4. It is furthermore preferable that the contact 
hole has an aspect ratio of not less than 5. 

In order to avoid any formation of the cracks such as micro 
cracks in the titanium nitride film during the heat treatment such as the 
lamp anneal, it is necessary that the titanium nitride film is deposited by the 
sputtering method at the substrate temperature of not less than 450°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 5 x 109 dyne/cm2, whereby the low compressive stress 
of not more than about 5 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 3 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

It is particularly preferable that the titanium nitride film is 
deposited by the sputtering method at the substrate temperature of not less 
than 500°C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 1 x 109 dyne/cm2, whereby the 
low compressive stress of not more than about 1 x 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 7x108 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. 

In order to obtain the titanium nitride film mainly oriented in 
(200)-face which improves the barrier property of the titanium nitride film, 
it is required that the substrate temperature is not less than 450°C under the 
low pressure of, for example, SmTorr if the collimator sputtering method is 
carried out. In order to obtain the titanium nitride film mostly oriented in 
(200)-face, it is required that the substrate temperature is not less than 
500°C under the low pressure of, for example, 3mTorr if the collimator 
sputtering method is carried out. 
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In order to obtain the titanium nitride film mainly oriented in 
(200)-face, it is required that the pressure of the collimator sputtering is not 
more than 3mTorr if the collimator sputtering method is carried out. 

If, in accordance with the present invention, the sputtering 
method is carried out under a low pressure at the high substrate temperature 
of not less than 450°C, for example, 500°C, it is possible to reduce the 
compressive stress to not higher than 5x109 dyne/cm2 of the titanium 
nitride film deposited by the sputtering method, whereby no micro crack is 
formed in the titanium nitride film upon the heat treatment such as the lamp 
anneal. Further, the titanium nitride film is mainly oriented in (200)-face, 
whereby barrier property of the titanium nitride film is improved to cause 
tungsten hexa-fluoride used for deposition of the tungsten film to be 
unreacted with titanium nitride of the titanium nitride film and titanium of 
the titanium film, resulting in no increase in the contact resistance of the 
contact plug and no possible breaking of the p-n junction. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (111)- face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the sputtering method for 
deposition of the titanium nitride film is carried out at the substrate 
temperature of not higher than 450 °C under a low pressure. If the 
collimator sputtering method is carried out, then the pressure is not higher 
than 3mTorr. 

If the long distance sputtering method is carried out to deposit the 
titanium film, then in order to avoid any formation of the cracks such as 
micro cracks in the titanium nitride film during the heat treatment such as 
the lamp anneal, it is necessary that the titanium nitride film is deposited by 
the long distance sputtering method at the substrate temperature of not less 
than 450 °C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 5 x 109 dyne/cm^, whereby the 
low compressive stress of not more than about 5 x 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 3 x 109 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. It is particularly 
preferable that the titanium nitride film is deposited by the long distance 
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sputtering method at the substrate temperature of not less than 500°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 3 x 109 dyne/cm2, whereby the low compressive stress 
of not more than about 3 x 109 dyne/cm^ is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 2 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the long distance sputtering 
method for deposition of the titanium nitride film is carried out at the 
substrate temperature of not higher than 450°C under a pressure of not 
higher than ImTorr. 

The fourth aspect of the present invention provides a method of 
forming a multilayer structure on a bottom of a contact hole. The method 
comprises the steps of : carrying out a first sputtering method to deposit a 
titanium film on the bottom of the contact hole so that the titanium film is 
in contact with a silicon region ; carrying out a sputtering method to deposit 
a titanium nitride film on the titanium film ; carrying out a heat treatment 
for causing a silicidation reaction of titanium with silicon to form a 
titanium silicide film on an interface between the titanium film and the 
silicon region, wherein the sputtering method is carried out at a temperature 
of the silicon region of not less than 450''C, so that the titanium nitride film 
has a compressive stress of not higher than 5x 109 dyne/cm2, so that the 
titanium nitride film is free of any crack upon changing the compressive 
stress to a tensile stress by the heat treatment. 

It is preferable that the temperature of the silicon region in the 
sputtering method is not less than SOO^'C, so that the titanium nitride film 
has such a low compressive stress of not higher than 3 x 109 dyne/cm^. 

It is also preferable that the sputtering method is carried out 
under a pressure of not more than 3 mTorr, so that the titanium nitride film 
is mainly oriented in a (200)-face. It is further preferable that the sputtering 
method is carried out under a pressure of not more than 1 mTorr. It is 
furthermore preferable that the sputtering method is carried out under a 
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pressure in the range of 0.4-0.7 mTorr. 

It is also preferable that the sputtering method is a collimator 
sputtering method. It is further preferable that the contact hole has an 
aspect ratio of not less than 4, It is furthermore preferable that the contact 
hole has an aspect ratio of not less than 5. 

It is also preferable that the sputtering method is a long distance 
sputtering method. It is further preferable that the contact hole has an 
aspect ratio of not less than 4. It is furthermore preferable that the contact 
hole has an aspect ratio of not less than 5. 

It is also preferable that the heat treatment is a rapid thermal 
anneal. It is further preferable that the heat treatment is carried out at a 
temperature rising rate in the range of 5 0-1 00 /second. It is further 
preferable that the heat treatment is carried out at a temperature in the range 
of 650-750°C for 10-60 seconds. It is furthermore preferable that the heat 
treatment is carried out at a temperature of 700°C for 30 seconds. 

In order to avoid any formation of the cracks such as micro 
cracks in the titanium nitride film during the heat treatment such as the 
lamp anneal, it is necessary that the titanium nitride film is deposited by the 
sputtering method at the substrate temperature of not less than 450°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 5 x 109 dyne/cm^, whereby the low compressive stress 
of not more than about 5 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 3 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

It is particularly preferable that the titanium nitride film is 
deposited by the sputtering method at the substrate temperature of not less 
than 500°C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 1 x 109 dyne/cm2, whereby the 
low compressive stress of not more than about 1 x 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 7x 108 dyne/cm^, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. 

In order to obtain the titanium nitride film mainly oriented in 
(200)-face which improves the barrier property of the titanium nitride film, 
it is required that the substrate temperature is not less than 450°C under the 
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low pressure of, for example, 3mTorr if the collimator sputtering method is 
carried out. In order to obtain the titanium nitride film mostly oriented in 
(200)-face, it is required that the substrate temperature is not less than 
500°C under the low pressure of, for example, 3mTorr if the collimator 
sputtering method is carried out. 

In order to obtain the titanium nitride film mainly oriented in 
(200)-face, it is required that the pressure of the collimator sputtering is not 
more than 3mTorr if the collimator sputtering method is carried out. 

If, in accordance with the present invention, the sputtering 
method is carried out under a low pressure at the high substrate temperature 
of not less than 450°C, for example, 500°C, it is possible to reduce the 
compressive stress to not higher than 5x109 dyne/cm2 of the titanium 
nitride film deposited by the sputtering method, whereby no micro crack is 
formed in the titanium nitride film upon the heat treatment such as the lamp 
anneal. Further, the titanium nitride film is mainly oriented in (200)-face, 
whereby barrier property of the titanium nitride film is improved to cause 
tungsten hexa-fluoride used for deposition of the tungsten film to be 
unreacted with titanium nitride of the titanium nitride film and titanium of 
the titanium film, resulting in no increase in the contact resistance of the 
contact plug and no possible breaking of the p-n junction. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the sputtering method for 
deposition of the titanium nitride film is carried out at the substrate 
temperature of not higher than 450 °C under a low pressure. If the 
collimator sputtering method is carried out, then the pressure is not higher 
than SmTorr. 

If the long distance sputtering method is carried out to deposit the 
titanium film, then in order to avoid any formation of the cracks such as 
micro cracks in the titanium nitride film during the heat treatment such as 
the lamp anneal, it is necessary that the titanium nitride film is deposited by 
the long distance sputtering method at the substrate temperature of not less 
than 450 °C, so that the deposited titaniimi nitride film has the low 
compressive stress of not more than about 5 x 109 dyne/cm2, whereby the 
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low compressive stress of not more than about 5 x 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 3x109 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. It is particularly 
preferable that the titanium nitride film is deposited by the long distance 
sputtering method at the substrate temperature of not less than 500°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 3 x 109 dyne/cm2, whereby the low compressive stress 
of not more than about 3 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 2 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the long distance sputtering 
method for deposition of the titanium nitride film is carried out at the 
substrate temperature of not higher than 450°C under a pressure of not 
higher than ImTorr. 

The fifth aspect of the present invention provides a method of 
forming a contact plug in a contact hole formed in an inter-layer insulator 
on a silicon substrate. The method comprises the steps of : carrying out a 
first sputtering method to deposit a titanium film on the bottom of the 
contact hole so that the titanium film is in contact with a silicon region ; 
carrying out a sputtering method to deposit a titanium nitride film on the 
titanium film ; carrying out a heat treatment for causing a silicidation 
reaction of titanium with silicon to form a titanium silicide film on an 
interface between the titanium film and the silicon region ; and forming a 
metal plug on the titanium nitride film to bury the contact hole with the 
metal plug, thereby forming the contact plug in the contact hole, wherein 
the sputtering method is carried out at a temperature of the silicon region of 
not less than 450°C, so that the titanium nitride film has a compressive 
stress of not higher than 5 x 109 dyne/cm2, so that the titanium nitride film 
is firee of any crack upon changing the compressive stress to a tensile stress 
by the heat treatment. 
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It is preferable that the temperature of the sihcon region in the 
sputtering method is not less than 500°C, so that the titanium nitride film 
has such a low compressive stress of not higher than 3 x 10^ dyne/cm2. 

It is also preferable that the sputtering method is carried out 
under a pressure of not more than 3 mTorr, so that the titanium nitride film 
is mainly oriented in a (200)-face. It is further preferable that the sputtering 
method is carried out under a pressure of not more than 1 mTorr. It is 
furthermore preferable that the sputtering method is carried out under a 
pressure in the range of 0.4-0.7 mTorr. 

It is also preferable that the sputtering method is a collimator 
sputtering method. 

It is also preferable that the contact hole has an aspect ratio of not 
less than 4. It is further preferable that the contact hole has an aspect ratio 
of not less than 5. 

It is also preferable that the sputtering method is a long distance 
sputtering method. It is further preferable that the contact hole has an 
aspect ratio of not less than 4. It is furthermore preferable that the contact 
hole has an aspect ratio of not less than 5. 

It is also preferable that the heat treatment is a rapid thermal 
anneal. It is further preferable that the heat treatment is carried out at a 
temperature rising rate in the range of 5 0-1 00 °C /second. It is further 
preferable that the heat treatment is carried out at a temperature in the range 
of 650-750°C for 10-60 seconds. It is also preferable that the heat treatment 
is carried out at a temperature of 700°C for 30 seconds. 

In order to avoid any formation of the cracks such as micro 
cracks in the titanium nitride film during the heat treatment such as the 
lamp anneal, it is necessary that the titanium nitride film is deposited by the 
sputtering method at the substrate temperature of not less than 450°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 5 x 109 dyne/cm^, whereby the low compressive stress 
of not more than about 5 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 3 x 
109 dyne/cm^^ resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

It is particularly preferable that the titanium nitride film is 
deposited by the sputtering method at the substrate temperature of not less 
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than 500 °C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 1 x 109 dyne/cm^^ whereby the 
low compressive stress of not more than about 1 x 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 7x108 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. 

In order to obtain the titanium nitride film mainly oriented in 
(200)- face which improves the barrier property of the titanium nitride film, 
it is required that the substrate temperature is not less than 450°C under the 
low pressure of, for example, 3mTorr if the collimator sputtering method is 
carried out. In order to obtain the titanium nitride film mostly oriented in 
(200)-face, it is required that the substrate temperature is not less than 
500°C under the low pressure of, for example, SmTorr if the collimator 
sputtering method is carried out. 

In order to obtain the titanium nitride film mainly oriented in 
(200)-face, it is required that the pressure of the collimator sputtering is not 
more than SmTorr if the collimator sputtering method is carried out. 

If, in accordance with the present invention, the sputtering 
method is carried out under a low pressure at the high substrate temperature 
of not less than 450°C, for example, 500°C, it is possible to reduce the 
compressive stress to not higher than 5x109 dyne/cm2 of the titanium 
nitride film deposited by the sputtering method, whereby no micro crack is 
formed in the titanium nitride film upon the heat treatment such as the lamp 
anneal. Further, the titanium nitride film is mainly oriented in (200)-face, 
whereby barrier property of the titanium nitride film is improved to cause 
tungsten hexa-fluoride used for deposition of the tungsten film to be 
unreacted with titanium nitride of the titanium nitride film and titanium of 
the titanium film, resulting in no increase in the contact resistance of the 
contact plug and no possible breaking of the p-n junction. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm^ of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the sputtering method for 
deposition of the titanium nitride film is carried out at the substrate 
temperature of not higher than 450 °C under a low pressure. If the 
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collimator sputtering method is carried out, then the pressure is not higher 
than 3mTorr. 

If the long distance sputtering method is carried out to deposit the 
titanium film, then in order to avoid any formation of the cracks such as 
micro cracks in the titanium nitride film during the heat treatment such as 
the lamp anneal, it is necessary that the titanium nitride film is deposited by 
the long distance sputtering method at the substrate temperature of not less 
than 450 °C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 5x 109 dyne/cm2, whereby the 
low compressive stress of not more than about 5 X 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 3 x 109 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. It is particularly 
preferable that the titanium nitride film is deposited by the long distance 
sputtering method at the substrate temperature of not less than 500°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 3 x 109 dyne/cm2, whereby the low compressive stress 
of not more than about 3 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 2 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the long distance sputtering 
method for deposition of the titanium nitride film is carried out at the 
substrate temperature of not higher than 450°C under a pressure of not 
higher than ImTorr. 



PREFERRED EMBODIMENTS 

FIRST EMBODIMENT : 

A first embodiment according to the present invention will be 
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described in detail with reference to FIGS. 2 A through 2D which are 
fragmentary cross sectional elevation views illustrative of a novel method 
of forming an improved contact plug in a contact hole in an inter-layer 
insulator on a silicon substrate, wherein a bottom of the contact hole is in 
contact with a titanium silicide layer. 

With reference to FIG. 2A, semiconductor devices are formed in 
a silicon substrate 1. A boro-phospho-silicate glass film 2 as an inter-layer 
insulator is deposited by a chemical vapor deposition method on a surface 
of the silicon substrate 1. A contact hole is formed in the inter-layer 
insulator 2 by use of a photo-lithography and a subsequent dry etching 
process so that the contact hole reaches a surface of the silicon substrate 1, 
whereby a part of the surface of the silicon substrate 1 is shown through the 
contact hole. The contact hole has a diameter of not larger than 0.35 
micrometers. 

A collimator sputtering method is carried out to deposit a 
titanium film 3 on the top surface of the inter-layer insulator 2 and on 
vertical side walls and a bottom of the contact hole, wherein the titanium 
film 3 has a thickness in the range of 50-100 nanometers. Subsequently, a 
titanium nitride film 4 is then deposited by the collimator sputtering 
method on the titanium film 3, wherein the titanium nitride film 4 has a 
thickness in the range of 80-150 nanometers. This collimator sputtering 
method is carried out by use of a collimator plate which has an aspect ratio 
of 1.5, wherein the aspect ratio is defined to a ratio of a thickness of the 
collimator plate to a diameter of openings. The first collimator sputtering 
process for depositing the above titanium film 3 is carried out by sputtering 
a titanium target with argon gas under a pressure in the range of 3.0 mTorr 
at a substrate temperature in the range of about 150-400*'C. The second 
collimator sputtering process for depositing the above titanium nitride film 
4 is carried out by sputtering a titanium nitride target with a nitrogen-argon 
mixture gas or a nitrogen gas under a pressure of not higher than 3.0 mTorr 
at a substrate temperature of not less than 450^C, for example, 500°C. A 
nitrogen flow rate is 80% of a total flow rate of the gases. 

Subsequently, a lamp anneal is carried out in a nitrogen 
atmosphere at a temperature in the range of 650-720''C for 10-60 seconds, 
wherein a temperature rising rate is in the range of 50-100°C/seconds, 
whereby a titanium silicidation reaction of titanium in the titanium film 3 
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with silicon in the siUcon substrate 1 is cased to form a titanium silicide 
film 5 on an interface between the titanium film 3 and the silicon substrate 
1, thereby reducing a contact resistance of the titanium film 3 with the 
silicon substrate 1. This lamp anneal further causes a nitratio reaction of 
unreacted titanium with nitrogen in the titanium nitride film 4, thereby 
increasing a barrier property of the titanium nitride film 4. 

With reference to FIG. 2C, a low pressure chemical vapor 
deposition method is carried out by reducing tungsten hexafluoride with 
hydrogen to deposit a tungsten film 6 on the titanium nitride film 4 so that 
the tungsten film 6 has a thickness in the range of 400-600 nanometers. The 
surface of the CVD-deposited tungsten film 6 is then subjected to an 
etch-back process with use of sulfur hexafluoride to etch the 
CVD-deposited tungsten film 6 except within the contact hole, whereby a 
tungsten contact plug 6 is formed in the contact hole. 

With reference to FIG. 2D, an aluminum alloy film 7 is deposited 
by a sputtering method on the titanium nitride film 4 and over the 
inter-layer insulator 2 and on the top of the contact plug in the contact hole. 
Further, a titanium nitride film 8 is deposited by a subsequent sputtering 
method on the aluminum alloy film 7 to form laminations of the aluminum 
alloy film 7 and the titanium nitride film 8. The laminations of the 
aluminum alloy film 7 and the titanium nitride film 8 are then patterned by 
a photo-lithography and a subsequent dry etching process thereby to form 
an interconnection over the inter-layer insulator 2, wherein the 
interconnection is in contact with the top of the contact plug in the contact 
hole so that the interconnection is electrically connected through the 
contact plug in the contact hole to the semiconductor device in the surface 
of the silicon substrate 1 . 

FIG.3 is a diagram illustrative of variations in compressive and 
tensile stresses of a titanium nitride film deposited by a collimator 
sputtering method over substrate temperature of the collimator sputtering 
method, wherein O represent compressive stress whilst • represents 
tensile stress. The titanium nitride film deposited by a collimator sputtering 
method before the heat treatment or the lamp anneal has a compressive 
stress. By the heat treatment or the lamp anneal, the compressive stress of 
the titanium nitride film is changed into a tensile stress. The collimator 
sputtering method is carried out under a pressure of 3 mTorr for depositions 
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of the titanium film having a thickness of 50 nanometers and the titanium 
nitride film having a thickness of 100 nanometers. The compressive and 
tensile stresses of the titanium nitride film were measured from a degree of 
bending of the titanium nitride film. The lamp anneal is carried out at a 
temperature of 700°C for 30 seconds at a temperature rising rate of 100°C 
/seconds. 

As the substrate temperature for the collimator sputtering method 
for deposition of the titanium nitride film is increased, then the 
compressive stress of the deposited titanium nitride film is also simply 
decreased. As the substrate temperature is increased from 50°C to 350°C, 
then the compressive stress of the deposited titanium nitride film is 
gradually decreased. As the substrate temperature is increased from 350°C 
to 500°C, then the compressive stress of the deposited titanium nitride film 
is rapidly decreased. When the substrate temperature is 400 °C, the 
compressive stress of the deposited titanium nitride film is about 1 x lOio 
dyne/cm2. When the substrate temperature is 450°C, the compressive stress 
of the deposited titanium nitride film is about 5x 109 dyne/cm2. When the 
substrate temperature is 500°C, the compressive stress of the deposited 
titanium nitride film is about 1 x 109 dyne/cm2. 

As the substrate temperature for the collimator sputtering method 
for deposition of the titanium nitride film is increased, then the tensile 
stress of the deposited titanium nitride fihn is also simply decreased. As the 
substrate temperature is increased from 50 °C to 350 °C, then the 
compressive stress of the deposited titanium nitride fihn is gradually 
decreased. As the substrate temperature is increased fi-om 350°C to 500°C, 
then the tensile stress of the deposited titanium nitride film is rapidly 
decreased. When the substrate temperature is 400°C, the tensile stress of the 
deposited titanium nitride film is about 7 x 109 dyne/cm2. When the 
substrate temperature is 450°C, the tensile stress of the deposited titanium 
nitride film is about 3x 109 dyne/cm2. When the substrate temperature is 
500°C, the tensile stress of the deposited titanium nitride film is about 7x 
108 dyne/cm2. 

Consequently, as the substrate temperature for the collimator 
sputtering method for deposition of the titanium nitride film is increased, 
then a difference between the compressive stress and the tensile stress of 
the deposited titanium nitride film is also simply decreased. As the 
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substrate temperature is increased from 50°C to 350°C, then a difference 
between the compressive stress and the tensile stress of the deposited 
titanium nitride film is gradually decreased. As the substrate temperature is 
increased from 350°C to 500°C, then a difference between the compressive 
stress and the tensile stress of the deposited titanium nitride film is rapidly 
decreased. When the substrate temperature is 400°C5 the compressive stress 
of about 1 X 1010 dyne/cm2 is changed into the tensile stress of about 7x 
109 dyne/cm2. When the substrate temperature is 450°C, the compressive 
stress of about 5 x 109 dyne/cm2 is changed into the tensile stress of about 3 
X 109 dyne/cm2. When the substrate temperature is 500°C, the compressive 
stress of about 1 x 109 dyne/cm2 is changed into the tensile stress of about 7 
X 108 dyne/cm2. A large difference between the compressive stress and the 
tensile stress of the titanium nitride film causes a large deformation of the 
titanium nitride film. This large deformation of the titanium nitride film 
results in a high possibility of cracking the titanium nitride film. For those 
reason, in order to reduce the possibility of cracking the titanium nitride 
film, it is necessary to realize a possible reduction in a difference between 
the compressive stress and the tensile stress of the titanium nitride film. By 
use of a four-terminal sheet resistance measuring method is applied to 
measure the sheet resistance. When the titanium nitride film having the 
compressive stress of not more than about 5 x 109 dyne/cm2 is subjected to 
the lamp anneal at a temperature of 700°C for 30 seconds at a temperature 
rising rate of 100°C/second so that the compressive stress of not more than 
about 5 X 109 dyne/cm2 is changed into the tensile stress of not more about 
3 X 109 dyne/cm2^ then no extremely high sheet resistance could be 
measured throughout the titanium nitride film. No crack could be observed 
by an electron microscope throughout the titanium nitride film after the 
lamp anneal was carried out. When the titanium nitride film having the 
compressive stress of more than about 5 x 109 dyne/cm2 is subjected to the 
lamp anneal at a temperature of 700^C for 30 seconds at a temperature 
rising rate of 100°C/second so that the compressive stress of more than 
about 5 X 109 dyne/cm2 is changed into the tensile stress of more than about 
3 X 109 dyne/cm2, then extremely high sheet resistance could be measured 
at plural points of the titanium nitride film. Micro cracks could be observed 
by the electron microscope at the extremely high sheet resistance points of 
the titanium nitride film after the lamp anneal was carried out. This shows 
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that the micro cracks were formed by the lamp anneal. 

Consequently, in order to avoid any formation of the cracks such 
as micro cracks in the titanium nitride film during the heat treatment such 
as the lamp anneal, it is necessary that the titanium nitride film is deposited 
by the collimator sputtering method at the substrate temperature of not less 
than 450 °C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 5x 109 dyne/cm2, whereby the 
low compressive stress of not more than about 5 x 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 3x 109 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. It is particularly 
preferable that the titanium nitride film is deposited by the collimator 
sputtering method at the substrate temperature of not less than 500°C, so 
that the deposited titanium nitride film has the low compressive stress of 
not more than about 1 x 109 dyne/cm2, whereby the low compressive stress 
of not more than about 1 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 7 x 
108 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

FIG. 4 is a diagram illustrative of variation in a ratio in X-ray 
diffraction spectrum intensity of (200)-face to (lll)-face of a titanium 
nitride film deposited by a collimator sputtering method over substrate 
temperature of the collimator sputtering method, wherein the titanium 
nitride film is deposited on a silicon dioxide film so that the titanium nitride 
film has a thickness of 100 nanometers. The collimator sputtering method 
is carried out under a pressure of 3mTorr. The ratio in X-ray diffraction 
spectrum intensity of (200)-face to (lll)-face of the titanium nitride film 
represents a ratio in orientation of (200)-face to (lll)-face of the titanium 
nitride film. The X-ray diffraction spectrum intensity was obtained by an 
X-ray 0-02 scanning. As the ratio in orientation of (200)-face to (lll)-face 
of the titanium nitride film is increased, then a barrier property or a barrier 
capability of the titanium nitride film is also increased. As the substrate 
temperature of the collimator sputtering method for deposition of the 
titanium nitride film is increased, then the ratio in orientation of (200)-face 
to (lll)-face of the titanium nitride film is simply increased. As the 
substrate temperature of the collimator sputtering method for deposition of 
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the titanium nitride film is increased to about 200°C, then the ratio in 
orientation of (200)-face to (lll)-face of the titanium nitride film is 
gradually increased. As the substrate temperature of the collimator 
sputtering method for deposition of the titanium nitride film is increased 
from about 200°C to about 380°C, then the ratio in orientation of (200)-face 
to (lll)-face of the titanium nitride film is more largely increased. As the 
substrate temperature of the collimator sputtering method for deposition of 
the titanium nitride film is increased from about 380°C to about 500°C, then 
the ratio in orientation of (200)-face to (lll)-face of the titanium nitride 
film is rapidly increased. The increasing rate of the ratio in orientation of 
(200)-face to (lll)-face of the titanium nitride film is simply increased by 
increasing the substrate temperature. As the substrate temperature of the 
collimator sputtering method for deposition of the titanium nitride film is 
about 400°C, then the ratio in orientation of (200)-face to (lll)-face of the 
titanium nitride film is about 50%. In order to obtain the titanium nitride 
film mainly oriented in (200)-face, it is required that the substrate 
temperature is not less than 450°C under the low pressure of 3mTorr. In 
order to obtain the titanium nitride film mostly oriented in (200)-face, it is 
required that the substrate temperature is not less than 500°C under the low 
pressure of BmTorr. 

FIG. 5 is a diagram illustrative of variation in a ratio in X-ray 
diffraction spectrum intensity of (200)-face to (lll)-face of a titanium 
nitride film deposited by a collimator sputtering method over pressure of 
the collimator sputtering method, wherein the titanium nitride film is 
deposited on a silicon dioxide film so that the titanium nitride film has a 
thickness of 100 nanometers. The collimator sputtering method is carried 
out at a substrate temperature of 500°C. The ratio in X-ray diffraction 
spectrum intensity of (200)-face to (lll)-face of the titanium nitride film 
represents a ratio in orientation of (200)-face to (111)- face of the titanium 
nitride film. The X-ray diffraction spectrum intensity was obtained by the 
X-ray 6-6 2 scarming. As the ratio in orientation of (200)-face to (lll)-face 
of the titanium nitride film is increased, then a barrier property or a barrier 
capability of the titanium nitride film is also increased. As the pressure of 
the collimator sputtering method for deposition of the titanium nitride film 
is increased, then the ratio in orientation of (200)-face to (lll)-face of the 
titanium nitride film is simply decreased. As the pressure of the collimator 
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sputtering method for deposition of the titanium nitride film is increased 
from 3mTorr to 6mTorr, then the ratio in orientation of (200)-face to 
(lll)-face of the titanium nitride film is rapidly decreased. As the pressure 
of the collimator sputtering method for deposition of the titanium nitride 
film is increased from 6mTorr to 12 mTorr, then the ratio in orientation of 
(200)-face to (lll)-face of the titanium nitride film is largely decreased. 
The decreasing rate of the ratio in orientation of (200)-face to (lll)-face of 
the titanium nitride film is simply increased by increasing the substrate 
temperature. As the pressure of the collimator sputtering method for 
deposition of the titanium nitride film is 3mTorr, then the ratio in 
orientation of (200)-face to (lll)-face of the titanium nitride film is over 
80%. As the pressure of the collimator sputtering method for deposition of 
the titanium nitride film is 6mTorr, then the ratio in orientation of 
(200)-face to (lll)-face of the titanium nitride film is below 30%. As the 
pressure of the collimator sputtering method for deposition of the titanium 
nitride film is 12mTorr, then the ratio in orientation of (200)-face to 
(lll)-face of the titanium nitride film is almost 0%. In order to obtain the 
titanium nitride film mainly oriented in (200)-face, it is required that the 
pressure of the collimator sputtering is not more than 3mTorr. 

If the collimator sputtering method is carried out under a high 
pressure of not less than 10 mTorr at the normal substrate temperature in 
the range of 200-300°C, it is possible to reduce the compressive stress of 
the titanium nitride film deposited by the collimator sputtering method, 
whereby no micro crack might be formed in the titanium nitride film upon 
the heat treatment such as the lamp anneal. However, the titanium nitride 
film is mainly oriented in (lll)-face, whereby barrier property of the 
titanium nitride film is deteriorated to allow tungsten hexa- fluoride used for 
deposition of the tungsten film to be reacted with titanium nitride of the 
titanium nitride film and titanium of the titanium film, resulting in an 
increase in the contact resistance of the contact plug and a possible 
breaking of the p-n junction. 

If, in accordance with the present invention, the collimator 
sputtering method is carried out under a low pressure of, for example, not 
less than 3 mTorr at the high substrate temperature of not less than 450°C, 
for example, 500°C, it is possible to reduce the compressive stress to not 
higher than 5 x 109 dyne/cm2 of the titanium nitride film deposited by the 
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collimator sputtering method, whereby no micro crack is formed in the 
titanium nitride film upon the heat treatment such as the lamp anneal. 
Further, the titanium nitride film is mainly oriented in (200)-face, whereby 
barrier property of the titanium nitride film is improved to cause tungsten 
hexa-fluoride used for deposition of the tungsten film to be unreacted with 
titanium nitride of the titanium nitride film and titanium of the titanium 
film, resulting in no increase in the contact resistance of the contact plug 
and no possible breaking of the p-n junction. 

Contact resistances of the contact plug with the titanium silicide 
film in the upper region of n-type and p-type silicon substrates were 
measured in order to evaluate barrier properties of titanium nitride films 
deposited by the collimator sputtering method at various substrate 
temperatures and under various pressures, wherein the contact hole has a 
diameter of 0.3 micrometers and a depth of 1.8 micrometers as well as an 
aspect ratio of 6. The titanium film has a thickness of 50 nanometers. The 
titanium nitride film has a thickness of 100 nanometers. The collimator 
sputtering method is carried out by use of a collimator plate having an 
aspect ratio of L5, The other conditions are the same as described above 
with reference to FIGS. 2 A through 2D. 

When the collimator sputtering method is carried out at the 
substrate temperature of 50°C under the pressure of 3mTorr to deposit the 
titanium nitride film for forming the contact plug on the n-type silicon 
substrate, then a measured contact resistance of the contact plug in the 
contact hole is variable in the range of 800 Q to 1 x 105 Q , The measured 
contact resistance has a large variation up to an extremely high resistance 
of 1x105 Q. 

When the collimator sputtering method is carried out at the 
substrate temperature of SO^'C under the pressure of 3mTorr to deposit the 
titanium nitride film for forming the contact plug on the p-type silicon 
substrate, then a measured contact resistance of the contact plug in the 
contact hole is variable in the range of lOOOQ to 1 x 105Q. The measured 
contact resistance has a large variation up to an extremely high resistance 
of 1X105Q. 

When the collimator sputtering method is carried out at the 
substrate temperature of 200°C under the pressure of 3mTorr to deposit the 
titanium nitride film for forming the contact plug on the n-type silicon 
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substrate, then a measured contact resistance of the contact plug in the 
contact hole is variable in the range of 550 Q to 1 x 105 Q. The measured 
contact resistance has a large variation up to an extremely high resistance 
of 1X105Q. 

When the collimator sputtering method is carried out at the 
substrate temperature of 200°C under the pressure of 3mTorr to deposit the 
titanium nitride film for forming the contact plug on the p-type silicon 
substrate, then a measured contact resistance of the contact plug in the 
contact hole is variable in the range of 700 Q to 1 x 105 Q. The measured 
contact resistance has a large variation up to an extremely high resistance 
of 1X105Q. 

When the collimator sputtering method is carried out at the 
substrate temperature of 400°C under the pressure of SmTorr to deposit the 
titanium nitride film for forming the contact plug on the n-type silicon 
substrate, then a measured contact resistance of the contact plug in the 
contact hole is variable in the range of 220 Q to 900 Q. The measured 
contact resistance still has a small variation and is suppressed low. 

When the collimator sputtering method is carried out at the 
substrate temperature of 400°C under the pressure of 3mTorr to deposit the 
titanium nitride film for forming the contact plug on the p-type silicon 
substrate, then a measured contact resistance of the contact plug in the 
contact hole is variable in the range of 800 Q to 1 x 104Q. The measured 
contact resistance has a large variation up to an extremely high resistance 
of 1X104Q. 

When the collimator sputtering method is carried out at the 
substrate temperature of 500°C under the pressure of SmTorr to deposit the 
titanium nitride film for forming the contact plug on the n-type silicon 
substrate, then a measured contact resistance of the contact plug in the 
contact hole is variable in the range of 220 Q to 400 Q. The measured 
contact resistance still has an extremely small variation and is suppressed 
very low. 

When the collimator sputtering method is carried out at the 
substrate temperature of 500°C under the pressure of SmTorr to deposit the 
titanium nitride film for forming the contact plug on the p-type silicon 
substrate, then a measured contact resistance of the contact plug in the 
contact hole is variable in the range of 500 Q to llOOQ. The measured 
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contact resistance still has a small variation and is suppressed low. 

When the collimator sputtering method is carried out at the 
substrate temperature of 500°C under the high pressure of 12mTorr to 
deposit the titanium nitride film for forming the contact plug on the n-type 
silicon substrate, then a measured contact resistance of the contact plug in 
the contact hole is variable in the range of 350 Q to lxl05Q. The 
measured contact resistance has a large variation up to an extremely high 
resistance of 1 x 1 05 Q . 

When the collimator sputtering method is carried out at the 
substrate temperature of 500°C under the high pressure of 12mTorr to 
deposit the titanium nitride film for forming the contact plug on the p-type 
silicon substrate, then a measured contact resistance of the contact plug in 
the contact hole is variable in the range of 700 Q to IxlO^Q, The 
measured contact resistance has a large variation up to an extremely high 
resistance of 1 x 1 05 Q . 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 10^ dyne/cm^ of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the collimator sputtering method 
for deposition of the titanium nitride film is carried out at the substrate 
temperature of not higher than 450''C under a pressure of 3mTorr. 

SECOND EMBODIMENT : 

A second embodiment according to the present invention will be 
described in detail with reference to FIGS. 6A through 6D which are 
fragmentary cross sectional elevation views illustrative of a novel method 
of forming an improved contact plug in a contact hole in an inter-layer 
insulator on a silicon substrate, wherein a bottom of the contact hole is in 
contact with a titanium silicide layer 

With reference to FIG. 6A, semiconductor devices are formed in 
a silicon substrate 1 . A boro-phospho-silicate glass film 2 as an inter-layer 
insulator is deposited by a chemical vapor deposition method on a surface 
of the silicon substrate 1. A contact hole is formed in the inter-layer 
insulator 2 by use of a photo-lithography and a subsequent dry etching 
process so that the contact hole reaches a surface of the silicon substrate 1, 
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whereby a part of the surface of the sihcon substrate 1 is shown through the 
contact hole. The contact hole has a diameter of not larger than 0.35 
micrometers. 

A long distance sputtering method is carried out to deposit a 
titanium film 3 on the top surface of the inter-layer insulator 2 and on 
vertical side walls and a bottom of the contact hole, wherein the titanium 
film 3 has a thickness in the range of 50 nanometers. Subsequently, a 
titanium nitride film 4 is then deposited by the long distance sputtering 
method on the titanium film 3, wherein the titanium nitride film 4 has a 
thickness of 100 nanometers. The first long distance sputtering method for 
depositing the titanium film 3 is carried out by sputtering a titanium target 
with argon gas at a distance between a target and the substrate in the range 
of 200-500 millimeters under a low pressure in the range of 0.3-0.5 mTorr 
and at a substrate temperature in the range of about 150-400°C. The second 
long distance sputtering method for depositing the titanium nitride film 4 is 
carried out by sputtering a titanium nitride target with a nitrogen-argon 
mixture gas at a distance between a target and the substrate in the range of 
200-350 millimeters under a low pressure in the range of 0.4-0.7 mTorr and 
at a substrate temperature of not less than 450^C, for example, SOO^'C. A 
nitrogen flow rate is in the range of 70% to 90% of a total flow rate of the 
gases. 

Subsequently, a lamp anneal is carried out in a nitrogen 
atmosphere at a temperature in the range of 650-720''C for 10-60 seconds, 
wherein a temperature rising rate is in the range of SO-lOO^'C/seconds, 
whereby a titanium silicidation reaction of titanium in the titanium film 3 
with silicon in the silicon substrate 1 is cased to form a titanium silicide 
film 5 on an interface between the titanium film 3 and the silicon substrate 
1, thereby reducing a contact resistance of the titanium film 3 with the 
silicon substrate 1. This lamp anneal further causes a nitratio reaction of 
unreacted titanium with nitrogen in the titanium nitride film 4, thereby 
increasing a barrier property of the titanium nitride film 4. 

With reference to FIG. 6C, a low pressure chemical vapor 
deposition method is carried out by reducing tungsten hexafluoride with 
hydrogen to deposit a tungsten film 6 on the titanium nitride film 4 so that 
the tungsten film 6 has a thickness in the range of 400-600 nanometers. The 
surface of the CVD-deposited tungsten film 6 is then subjected to an 
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etch-back process with use of sulfur hexafluoride to etch the 
CVD-deposited tungsten film 6 except within the contact hole, whereby a 
tungsten contact plug 6 is formed in the contact hole. 

With reference to FIG, 6D5 an aluminum alloy film 7 is deposited 
by a sputtering method on the titanium nitride film 4 and over the 
inter-layer insulator 2 and on the top of the contact plug in the contact hole. 
Further, a titanium nitride film 8 is deposited by a subsequent sputtering 
method on the aluminum alloy film 7 to form laminations of the aluminum 
alloy film 7 and the titanium nitride film 8. The laminations of the 
aluminum alloy film 7 and the titanium nitride film 8 are then patterned by 
a photo-lithography and a subsequent dry etching process thereby to form 
an interconnection over the inter-layer insulator 2, wherein the 
interconnection is in contact with the top of the contact plug in the contact 
hole so that the interconnection is electrically connected through the 
contact plug in the contact hole to the semiconductor device in the surface 
of the silicon substrate 1 . 

The titanium nitride film deposited by a long distance sputtering 
method before the heat treatment or the lamp anneal has a compressive 
stress. By the heat treatment or the lamp anneal, the compressive stress of 
the titanium nitride film is changed into a tensile stress. The long distance 
sputtering method is carried out under a pressure of 3 mTorr for depositions 
of the titanium film having a thickness of 50 nanometers and the titanium 
nitride film having a thickness of 100 nanometers. The compressive and 
tensile stresses of the titanium nitride film were measured from a degree of 
bending of the titanium nitride film. The lamp anneal is carried out at a 
temperature of 700''C for 30 seconds at a temperature rising rate of 100°C 
/seconds. 

As the substrate temperature for the long distance sputtering 
method for deposition of the titanium nitride film is increased, then the 
compressive stress of the deposited titanium nitride film is also simply 
decreased as similarly to when the collimator sputtering method was 
carried out. As the substrate temperature is increased fi-om SO^'C to SSOT;, 
then the compressive stress of the deposited titanium nitride film is 
gradually decreased. As the substrate temperature is increased from 350°C 
to 500°C, then the compressive stress of the deposited titanium nitride film 
is rapidly decreased. When the substrate temperature is 400 °C, the 
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compressive stress of the deposited titanium nitride film is about 1 xlOlO 
dyne/cm2. When the substrate temperature is 450°C, the compressive stress 
of the deposited titanium nitride film is about 5 x 109 dyne/cm2. When the 
substrate temperature is 500°C, the compressive stress of the deposited 
titanium nitride film is about 3 x 109 dyne/cm2. 

As the substrate temperature for the long distance sputtering 
method for deposition of the titanium nitride film is increased, then the 
tensile stress of the deposited titanium nitride film is also simply decreased. 
As the substrate temperature is increased fi-om 50°C to 350°C, then the 
compressive stress of the deposited titanium nitride film is gradually 
decreased. As the substrate temperature is increased fi-om 350°C to 500°C, 
then the tensile stress of the deposited titanium nitride film is rapidly 
decreased. When the substrate temperature is 400V, the tensile stress of the 
deposited titanium nitride film is about 1.5x1010 dyne/cm2. When the 
substrate temperature is 450°C, the tensile stress of the deposited titanium 
nitride film is about 3 x 109 dyne/cm2. When the substrate temperature is 
500°C, the tensile stress of the deposited titanium nitride film is about 2 x 
109dyne/cm2. 

Consequentiy, as the substrate temperature for the long distance 
sputtering method for deposition of the titanium nitride film is increased, 
then a difference between the compressive stress and the tensile stress of 
the deposited titanium nitride film is also simply decreased. As the 
substrate temperature is increased fi-om 50°C to 350°C, then a difference 
between the compressive stress and the tensile stress of the deposited 
titanium nitride film is gradually decreased. As the substrate temperature is 
increased fi-om 350°C to 500°C, then a difference between the compressive 
stress and the tensile stress of the deposited titanium nitride film is rapidly 
decreased. When the substrate temperature is 400^^0, the compressive stress 
of about 1 x 1010 dyne/cm2 is changed into the tensile stress of about 1.5 X 
1010 dyne/cm2. When the substrate temperature is 450°C, the compressive 
stress of about 5 x 1 09 dyne/cm2 is changed into the tensile stress of about 3 
X 109 dyne/cm2. When the substrate temperature is 500°C, the compressive 
stress of about 3 x 109 dyne/cm2 is changed into the tensile stress of about 2 
X 109 dyne/cm2. A large difference between the compressive stress and the 
tensile stress of the titanium nitride film causes a large deformation of the 
titanium nitride film. This large deformation of the titanium nitride film 
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results in a high possibility of cracking the titanium nitride film. For those 
reason, in order to reduce the possibility of cracking the titanium nitride 
film, it is necessary to realize a possible reduction in a difference between 
the compressive stress and the tensile stress of the titanium nitride film. By 
use of a four-terminal sheet resistance measuring method is applied to 
measure the sheet resistance. When the titanium nitride film having the 
compressive stress of not more than about 5 x 109 dyne/cm^ is subjected to 
the lamp anneal at a temperature of 700T: for 30 seconds at a temperature 
rising rate of lOO^'C/second so that the compressive stress of not more than 
about 5 X 109 dyne/cm2 is changed into the tensile stress of not more about 
3 X 109 dyne/cm2, then no extremely high sheet resistance could be 
measured throughout the titanium nitride film. No crack could be observed 
by an electron microscope throughout the titanium nitride film after the 
lamp anneal was carried out. When the titanium nitride film having the 
compressive stress of more than about 5 x 109 dyne/cm^ is subjected to the 
lamp anneal at a temperature of TOO^'C for 30 seconds at a temperature 
rising rate of lOOt^/second so that the compressive stress of more than 
about 5 X 109 dyne/cm2 is changed into the tensile stress of more than about 
3 X 109 dyne/cm2, then extremely high sheet resistance could be measured 
at plural points of the titanium nitride film. Micro cracks could be observed 
by the electron microscope at the extremely high sheet resistance points of 
the titanium nitride film after the lamp anneal was carried out. This shows 
that the micro cracks were formed by the lamp anneal. 

Consequently, in order to avoid any formation of the cracks such 
as micro cracks in the titanium nitride film during the heat treatment such 
as the lamp anneal, it is necessary that the titanium nitride film is deposited 
by the long distance sputtering method at the substrate temperature of not 
less than 450^C, so that the deposited titanium nitride film has the low 
compressive stress of not more than about 5 x 109 dyne/cm^, whereby the 
low compressive stress of not more than about 5 X 109 dyne/cm2 is changed 
by the heat treatment such as the lamp anneal into the low tensile stress of 
more than about 3 x 109 dyne/cm2, resulting in no crack nor micro crack 
being formed throughout the titanium nitride film. It is particularly 
preferable that the titanium nitride film is deposited by the long distance 
sputtering method at the substrate temperature of not less than SOO^'C, so 
that the deposited titanium nitride film has the low compressive stress of 
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not more than about 3 x 109 dyne/cm^, whereby the low compressive stress 
of not more than about 3 x 109 dyne/cm2 is changed by the heat treatment 
such as the lamp anneal into the low tensile stress of more than about 2 x 
109 dyne/cm2, resulting in no crack nor micro crack being formed 
throughout the titanium nitride film. 

Measurement was made to the ratio in X-ray diffraction spectrum 
intensity of (200)-face to (lll)-face of a titanium nitride film deposited by 
the long distance sputtering method over substrate temperature of the long 
distance sputtering method, wherein the titanium nitride film is deposited 
on a silicon dioxide film so that the titanium nitride film has a thickness of 
100 nanometers. The long distance sputtering method is carried out under a 
pressure of 0.4-0. 7mTorr. The ratio in X-ray diffraction spectrum intensity 
of (200)-face to (lll)-face of the titanium nitride film represents a ratio in 
orientation of (200)-face to (lll)-face of the titanium nitride film. As the 
ratio in orientation of (200)-face to (lll)-face of the titanium nitride film is 
increased, then a barrier property or a barrier capability of the titanium 
nitride film is also increased. As the substrate temperature of the long 
distance sputtering method for deposition of the titanium nitride film is 
increased, then the ratio in orientation of (200)-face to (lll)-face of the 
titanium nitride film is simply increased. As the substrate temperature of 
the long distance sputtering method for deposition of the titanium nitride 
film is increased to about 200''C, then the ratio in orientation of (200)-face 
to (lll)-face of the titanium nitride film is gradually increased. As the 
substrate temperature of the long distance sputtering method for deposition 
of the titanium nitride film is increased fi-om about 200''C to about 380''C, 
then the ratio in orientation of (200)-face to (lll)-face of the titanium 
nitride film is more largely increased. As the substrate temperature of the 
long distance sputtering method for deposition of the titanium nitride film 
is increased fi-om about SSO^C to about SOO^'C, then the ratio in orientation 
of (200)-face to (lll)-face of the titanium nitride film is rapidly increased. 
The increasing rate of the ratio in orientation of (200)-face to (lll)-face of 
the titanium nitride film is simply increased by increasing the substrate 
temperature. Normally, the long distance sputtering method is carried out 
under a low pressure of not more than ImTorr, whereby the deposited 
titanium nitride film is likely to be oriented mostly in (200)-face. When the 
substrate temperature is 500°C, then the ratio in orientation of (200)-face to 



Page 42 



(lll)-face of the titanium nitride film is over 80%. 

In order to obtain both the 80% high ratio in orientation of 
(200)-face to (lll)-face for a high barrier property of the titanium nitride 
film and the low compressive stress of not higher than 5 x 109 dyne/cm2 of 
the titanium nitride film for suppressing the formation of the crack in the 
titanium nitride film, it is necessary that the long distance sputtering 
method for deposition of the titanium nitride film is carried out at the 
substrate temperature of not higher than 450°C under a pressure of not 
higher than ImTorr. 

Whereas modifications of the present invention will be apparent 
to a person having ordinary skill in the art, to which the invention pertains, 
it is to be understood that embodiments as shown and described by way of 
illustratios are by no means intended to be considered in a limiting sense. 
Accordingly, it is to be intended to cover by claims all modifications which 
fall within the spirit and scope of the present invention. 
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